Eukaryotic ribosomes are synthesized in a complex, multistep pathway. This begins with transcription of the rDNA genes by a specialized RNA polymerase, accompanied by the cotranscriptional binding of large numbers of ribosome synthesis factors, small nucleolar RNAs and ribosomal proteins. Cleavage of the nascent transcript releases the early pre-40S and pre-60S particles, which acquire export competence in the nucleoplasm prior to translocation through the nuclear pore complexes and final maturation to functional ribosomal subunits in the cytoplasm. This review will focus on the many and complex interactions occurring during pre-rRNA synthesis, particularly in budding yeast in which the pathway is best understood.
INTRODUCTION
I n rapidly growing yeast cells, protein production and growth are typically limited by the availability of new ribosomes 1 and this is likely to be the case in many other systems. Ribosomal RNA (rRNA) is a basic component of ribosomal subunits and represents about 80% of total cellular RNA. 2 Ribosome biogenesis is highly complex, but must also be very efficient to restock the cell for each division cycle.
Ribosome synthesis is particularly active in budding yeast. A yeast cell is around 37 μm 3 in volume, whereas a human HeLa cells is some 2500 μm 3 . Despite this large size discrepancy, total ribosome synthesis is surprisingly similar in these very different cells. Simply for replacement at cell division, yeast cells must generate around 2 × 10 5 ribosomes per generation (∼100 min) from 150 to 200 rDNA repeats, about 50% of which are transcriptionally active. This corresponds to approximately 20 matured, functional ribosomes per transcription unit per minute-or one every three seconds. HeLa cells must generate around 4 × 10 6 ribosomes per generation (∼1200 min) from 300 to 400 rDNA repeats. Again around 50% of the rDNA repeats are active, so this also corresponds to approximately one pre-rRNA transcript per transcription unit every three seconds. Such high levels of production will clearly require specialized features to promote transcriptional efficiency. Moreover, the strikingly overall high rate of ribosome synthesis (around 2000 ribosomes per minute) demands substantial input of resources; around 160,000 ribosomal proteins and 14 Mb of pre-rRNA transcription per minute. The large metabolic costs entailed make it likely that the pathway has been optimized for both efficiency and robustness. Many reports have analyzed specific steps in the ribosome synthesis pathway, but the cotranscriptional events remain the least understood. This is in part due to the short time scale of transcription, the heterogeneous nature of the nascent transcripts and the difficulties in applying conventional biochemical methods to the chromatin-associated nascent pre-ribosomes.
Despite these challenges, significant progress has been made in understanding the cotranscriptional steps in the yeast ribosome biogenesis pathway, and these will be highlighted in this review. The early steps in human pre-rRNA processing have recently been
PRE-rRNA TRANSCRIPTION
In almost all Eukaryotes, RNA polymerase I (Pol I) transcribes a single, polycistronic pre-rRNA transcript from tandem rDNA repeats ( Figure 1 ). In yeast, the pre-rRNA represents around 60% of total cellular RNA transcription. This strikingly high overall level of pre-rRNA synthesis is the output of a number of features, including accessibility of rDNA repeats, transcription initiation rate, transcription elongation rate (nucleotides added per min), and processivity of polymerase (the fraction of initiating polymerases that successfully reach the end of the transcription unit). There are distinctive aspects to each of these features for Pol I.
The accessibility of the rDNA plays an important role in regulation of ribosome biosynthesis and is correlated with growth conditions. 4 Around 50% of the rDNA copies are in a chromatin state that is compatible with active transcription, but this is dynamic and in cells with reduced rDNA copy numbers all repeats can be activated.
The Pol I pre-initiation complex contains several specific transcription factors, including Rrn3, UAF (UAS-binding upstream activity factor), and a core factor complex composed of Rrn6, Rrn7, and Rrn11. In addition, the DNA-binding protein TBP is common to all polymerases. 5 Kinetic labeling indicated that the overall in vivo elongation rate for yeast Pol I is around 40 nt second −1 . 6 However, analyses of chromatin spreads reveal differences in Pol I density along the rDNA, indicating considerable variation in elongation rate. 7 High Pol I density was observed over the 5 ′ regions of the 18S and 25S rRNAs, in the vicinity of the sites where compaction of the nascent SSU (small subunit) and LSU (large subunit) particles can be observed ( Figure 1 ). This has led to the suggestion that the transcribing polymerase can be slowed or paused by interactions with the assembling pre-ribosomal complexes, perhaps to facilitate cotranscriptional assembly. Consistent with this idea, alterations in the Pol I transcription elongation rate, directly or indirectly, interfere with normal pre-rRNA processing (reviewed in Ref 8) . This suggests that the correct Pol I elongation rate is necessary for normal, cotranscriptional events in pre-rRNA folding and/or assembly.
A number of features in the structure of RNA Pol I facilitate highly processive elongation through the rDNA chromatin. 9 Yeast Pol I is comprised of fourteen subunits; five are common among Pol I, II, and III, while two are shared between Pol I and Pol III and seven are specific to Pol I. 5 Within Pol I a variable DNA-binding cleft is formed between 'core' and 'shelf' modules. [10] [11] [12] High processivity is partly maintained by a closed-clamp structure that includes a fixed stalk, which is a detachable element in Pol II. However, despite these features not all Pol I molecules traverse the 35S. Truncated pre-rRNA fragments can be detected and are greatly stabilized by loss of the activity of the exosome and TRAMP nuclear RNA surveillance complexes. 7 Notably, the major 3 ′ ends are located close to the major Pol I pause sites in the 18S and 25S rRNA 5 ′ regions, indicating that a fraction of the paused polymerases are terminated at these positions.
COTRANSCRIPTIONAL AND POSTTRANSCRIPTIONAL EVENTS IN RIBOSOME SYNTHESIS
Pre-rRNA processing in yeast is comprised of multiple endonuclease cleavages, in some cases followed by exonuclease trimming. This maturation pathway removes the 5 ′ and 3 ′ external transcribed spacers (5 ′ ETS and 3 ′ ETS), and internal transcribed spacers 1 and 2 (ITS1 and ITS2) (see Figure 2 ). Three early cleavages, at sites A0 in the 5 ′ ETS, A1 at the 5 ′ end of the mature 18S rRNA and at A2 within ITS1, generate the 20S pre-rRNA and the 5 ′ end of the 27SA2 pre-rRNA. These cleavages can occur either cotranscriptionally on the nascent pre-rRNA transcript ( Figure 2 ), or posttranscriptionally on the released, 35S pre-RNA. 6, 13 In contrast, cleavage at site B0, which generates the 3 ′ end of the 35S and 27SA2 pre-rRNAs, is likely to always occur cotranscriptionally 14, 15 and is followed by cotranscriptional 5 ′ nuclease digestion that contributes to transcription termination. 16, 17 Subsequent cleavages, at sites A3 in ITS1 and at C2 in ITS2, are believed to occur only posttranscriptionally.
In addition to RNA cleavage, many other maturation steps occur during transcription of the 7 kb long pre-rRNA transcript. Ribosome assembly in yeast involves 80 ribosomal proteins (r-proteins), many of which assemble cotranscriptionally (reviewed in Ref 18) . However, distinct subsets of r-proteins, from both the 40S and 60S ribosomal subunits, assemble only with late cytoplasmic pre-ribosomes.
In addition, each pre-rRNA is transiently bound by some 75 different small nucleolar RNA (snoRNA) species. Three of these (U3, U14, and snR30/U17) are required for cleavage at sites A0-A2, while a further species (snR10) is important for the efficiency of these cleavages. Since processing at these sites is cotranscriptional, the snoRNAs must presumably also function cotranscriptionally and prior to cleavage. The remaining snoRNAs generally function to direct site-specific nucleotide modification of the pre-rRNA. The snoRNA-directed methylation of the 18S rRNA component of the 40S ribosome subunits is predominately cotranscriptional. 6, 13 Methylation of the 25S rRNA component of 60S ribosomes is also substantially cotranscriptional, but to a lesser extent that for 18S. This may simply reflect the lack of time available between transcription of the 3 ′ region of the 25S rRNA and the cotranscriptional cleavage at site B0 that releases the nascent pre-rRNA. In contrast, rRNA base methylation, which is performed by proteins acting independently of the snoRNAs, generally takes place later in the processing pathway, following export of the pre-ribosomal particles to the cytoplasm. However, an exception is the methlytransferase Bud23 which interacts with components of the SSU processome. 19 The conversion of uridine to pseudouridine cannot be followed by metabolic labeling, but it seems likely that this will also predominately occur cotranscriptionally.
In addition to the r-proteins, more than 200 additional protein factors participate in ribosome synthesis. [20] [21] [22] [23] Many of the early cotranscriptional steps-processing, assembly, and modification on the pathway of 40S subunit synthesis-are likely to be coordinated by a 2.2 MDa ribonucleoprotein (RNP) complex termed the small subunit (SSU) processome 24 ; and reviewed in. 22, 18 This complex can be visualized by electron microscopy (EM), as 'terminal balls' that are seen to compact the nascent pre-rRNA transcripts in chromatin spreads of the rDNA 13 (Figure 1 ). The composition of the SSU processome is summarized in Table 1 . Compaction of the 5 ′ region of the 27S pre-rRNA is also observed in EM, as knobs that remain after cleavage at sites A0-A2 and release of the pre-40S particles. 13 However, the composition of these large subunit (LSU) assembly complexes is less well characterized than the SSU processome.
PRE-rRNA PROCESSING

Cleavage at Sites A0, A1, and A2
The overall yeast pre-rRNA processing pathway will not be discussed in detail here, but a summary is presented in Figure 2 . Pre-rRNAs generated by cotranscriptional and posttranscriptional pathways cannot be distinguished by steady state RNA analyses, since the products are the same in each case. However, two methods are currently available that distinguish these pathways. Cleavage of the nascent transcripts can be directly visualized in 'Miller' chromatin spreads. 13 Visualization of rDNA chromatin by EM showed a dense knob at the 5 ′ -end of nascent transcripts, which was lost on truncation of the nascent transcript by cleavage at site A2. There was no evidence from EM analyses for cleavage at sites Mpp10 Imp3, Imp4, Mpp10
Rrp9
A0 and A1 prior to A2 cleavage and, conversely, RNA analyses have not detected the accumulation of RNAs that are cleaved at A2 but not at A0 or A1. Moreover, mutational analyses strongly indicate that processing of the three sites is tightly coupled since neither mutations in the pre-rRNA 25 nor ribosome synthesis factors (see Ref 23) lead to cleavage at site A2 without prior cleavage at A1. Together this strongly indicates that sites A0, A1, and A2 are cotranscriptionaly cleaved over a very short period.
In an alternative approach, the occurrence of cotranscriptional cleavage was indirectly inferred from the timing of the appearance of the cleaved RNA product relative to transcription. This was based on kinetic analyses of in vivo labeled pre-rRNAs supported by mathematical modeling. 6, 26 Both approaches indicate that in wild-type cells around approximately 70% of the nascent pre-rRNA transcripts are cleaved cotranscriptionally at sites A0, A1 and A2. 6, 13 Notably, both approaches also revealed that, while the cleavages occur on the nascent transcripts, they are not coincident with transcription through the cleavage site. Rather cleavage occurs when Pol I transcribes through the 5 ′ region of the 25S rDNA approximately 1.2 to 1.5 kb downstream of site A2. The features that establish this timing remain to be determined, but may include interactions with the assembling LSU complex and/or binding of the large, highly conserved ribosome synthesis factor Rrp5. It has long been observed that depletion of early acting factors on the 60S maturation pathway delay processing on the 40S pathway, as shown by 35S pre-rRNA accumulation, while not clearly reducing synthesis of mature 18S rRNA. [20] [21] [22] [23] A possible explanation for this would be the loss of cotranscriptional, but not posttranscriptional, processing. This model was supported by kinetic labeling data for the 5 ′ exonuclease Rat1, 26 which is required catalytically only following the posttranscriptional cleavages at sites A3 and C2, but binds the pre-rRNA prior to cleavage at site A2. 27 Rrp5 is unusual in being required for both cotranscriptional cleavage at sites A0-A2 and for posttranscriptional cleavage at site A3. Rrp5 binds to the 25S rRNA region 28 (Figure 3 ) and potentially also participates in setting the timing for cotranscriptional cleavage.
The nucleases responsible for the cotranscriptional cleavages at sites A0 to A2 have not been clearly identified. Candidates include the RNA cyclase-related protein Rcl1, which was proposed to cleave at A2, 29 and the PIN domain proteins Utp23 and 24, which are structurally related to endonucleases and were proposed to cleave sites A1 and A2. 30
Cleavage at Site B0
In striking contrast to the elaborate SSU processome assembly required for the early cleavages at A0 to A2, cotranscriptional cleavage at site B0 by Rnt1 (RNase three) requires no known cofactors. 14, 15 Like other RNase III family members, yeast Rnt1 cleaves both sides of a stem-structure, at target sites that are partly defined by the sequence of the terminal loop in the stem. 31 Rnt1 also targets many other sites in the precursors to snRNAs and snoRNAs, as well as sites within some pre-mRNA introns.
Cleavage at B0 releases both 35S/27SA2 and a 3 ′ nascent transcript with a free 5 ′ end. The 3 ′ residual nascent transcript is rapidly degraded by the 5 ′ exonuclease Rat1, which chases and catches the transcribing polymerase, contributing to transcription termination. 16, 17 This resembles the 'torpedo' mechanism for transcription termination of Pol II, which similarly involves degradation of the cleaved, nascent transcript by Rat1. It is notable that cotranscriptional cleavage at site A2 is not followed by similar Rat1 degradation, presumably due to protection of the free 5 ′ end of the 27SA2 pre-rRNA by factors that are likely to include Rrp5.
The 5 ′ products of site B0 cleavage extend only to sites 14 and 49 nts beyond the 3 ′ end of the 25S rRNA sequence. 15 This region is trimmed by the 3 ′ exonuclease Rex1, a member of the RNase D family that, like Rnt1, has numerous other substrate RNAs. 32 components of the large SSU processome, and the cotranscriptional cleavages at A2 and B0 that release the pre-40S and pre-60S particles, respectively. Insets indicate the multiple binding sites identified for (a) U3 snoRNA and (b) Rrp5, which are likely to contribute to pre-rRNA compaction. See Table 1 for composition of SSU processome subcomplexes.
COVALENT NUCLEOTIDE MODIFICATION
About 2% of nucleotides in the yeast 18S and 25S rRNAs undergo covalent modification. [34] [35] [36] The predominant modifications are methylation of the 2 ′ -hydroxyl of the ribose (2 ′ -O-methylation) and conversion of uridine to pseudouridine by base rotation. Both types of modifications are performed by proteins that are associated with guide RNAs; termed box C/D and box H/ACA snoRNPs, respectively, reflecting conserved sequence motifs present in the respective classes. 37, 38 C/D box snoRNAs associate with four conserved proteins; the methyltransferse Nop1 (fibrillarin in humans), together with Nop56, Nop58 and Snu13. Ribose methylation increases the stability of RNA-RNA base-pairing and decrease mobility restricting conformational flexibility on the angstrom scale. 39 H/ACA box snoRNAs also associate with four proteins; the pseudouridine synthase Cbf5 (dyskerin in humans), together with Gar1 and Nhp2, Nop10. Pseudouridine has an additional free NH residue relative to uridine, and therefore has the potential to form an additional hydrogen bond, which might alter or strengthen tertiary structure interactions.
The sites of methylation and pseudouridine formation are clustered in key functional regions of rRNA and well conserved in evolution, strongly suggesting that they play important roles. 40, 41 However, snoRNA-directed modifications are all individually dispensable, although growth defects are seen following the loss of multiple snoRNAs. 38 In human cells, mutations in dyskerin reduce levels of pseudouridine and cause the inherited disease Dyskeratosis congenital. This has been linked to defects in translation of mRNAs that have internal translation initiation sites. 42 In addition to directly affecting rRNA folding, cotranscriptional modifications may promote the association of assembly factors and/or ribosomal proteins. It could also be envisaged that base-pairing by the snoRNPs might directly modulate pre-ribosome structure or folding. Modification might then be a secondary consequence of binding and/or act as sign that binding has occurred and the snoRNA is ready for removal. Surprisingly, recent results indicate that, at many sites, modification levels are less than 100%, 43 implying that distinct sub-populations of ribosomes will be present that differ in their modification patterns, but the functional consequences of this are not yet clear.
Based on EM studies, rough estimates of pre-rRNA/snoRNA association times during modification were very low (∼50 milliseconds). 13 This may reflect rapid removal of snoRNPs by helicases. 44 In general, it is assumed that helicases regulate snoRNPs release or association with pre-ribosomes. Particularly in the case of the box C/D snoRNAs, their interactions with the pre-rRNA appear to be far too stable to spontaneously dissociate in a time frame that is compatible with the timing of the ribosome synthesis pathway. Some 18 different ATP-dependent RNA helicases participate in ribosome synthesis. Most of these are essential for ribosome maturation, showing that they have nonredundant functions. However, for most snoRNAs it has proved impossible to identify a simple dependency on a specific helicase for snoRNA dissociation. This suggests that, while each helicase has a specific, essential role in ribosome maturation, they also show redundancy in their activities in cotranscriptional dissociation of snoRNP/pre-rRNA complexes.
Pre-Ribosome Assembly
Analyses of the steps leading to the assembly of proteins and RNP subcomplexes onto the nascent pre-rRNA to form the SSU processome ( Figure 3 ) have been reported in several publications (reviewed in Ref 18) .
Many proteins and at least three snoRNAs (U3, U14, and snR30/U17) contribute to SSU processome assembly. However, the U3 snoRNP and the large, highly conserved protein Rrp5 are likely to play key roles. In cells depleted for either U3 snoRNA or Rrp5, the 5 ′ terminal knobs are largely lost from the nascent pre-rRNA in chromatin spreads. 13, 28, 45 U3 base-pairs to around 6 sites in the 5 ′ region of the pre-rRNA, dispersed over approximately 1.5 kb of primary sequence (Figure 3) . Binding of the 311 nt U3 molecule to all of these sites presumably helps bring them together to promote complex assembly. Binding of U3 to the pre-rRNA is promoted by Dhr1/Ecm16, an ATP-dependent RNA helicase of the DEAH family (named for a conserved amino acid motif) and Imp3, which forms a U3-specific snoRNP together with Mpp10 and Imp4 46 (R. Sardana, X. Liu, S. Granneman, J. Zhu, M. Gill, D. Tollervey, C.C. Correll and A. Johnson, submitted). Similarly, Rrp5 binds dispersed sites across 3 kb, using its 12 S1 RNA-binding domains 28, [47] [48] [49] (Figure 3 ). Rrp5 additionally contains seven TPR protein-protein interaction domains and interacts with numerous ribosome synthesis factors. 28, 50, 51 These include both very large, structural proteins and nucleotide triphosphate binding factors, and it has been proposed that this megadalton complex forms a structural framework for large-scale remodeling of the early pre-ribosomes assembling on the nascent transcript. The snoRNA-based modification system predominately targets the highly folded core regions of the ribosomal subunits. This requires that the pre-rRNA initially be maintained in an open, accessible conformation to allow base-pairing of the 75 (in yeast) snoRNAs, before refolding into the highly structured mature conformation. We predict that this is one key function of the SSU processome complex.
The SSU processome is formed in an ordered assembly pathway, in which the binding of some, but not all, factors shows specific dependencies (reviewed in Refs 18, 20) . An outline of the SSU processome assembly pathway is shown in Figure 3 and the components are summarized in Table 1 . The incorporation of the 80 r-proteins also follows an ordered pathway (see Refs 52, 53 and references therein). Most are incorporated into pre-ribosomes in the nucleolus, probably associating with the nascent transcript, but a substantial minority is incorporated into late pre-ribosomes in the cytoplasm.
LINKS BETWEEN POL I TRANSCRIPTION ELONGATION AND COTRANSCRIPTIONAL RIBOSOME MATURATION
The efficiency of processing of mRNA precursors (pre-mRNAs) is enhanced by coupling of transcription by RNA polymerase II (Pol II) to cotranscriptional RNA processing events. Among the best characterized examples is the coupling of cotranscriptional recruitment of splicing factors onto nascent pre-mRNAs with Pol II elongation pausing. [54] [55] [56] Growing evidence indicates that links also exist between cotranscriptional processing of ribosomal RNA precursors (pre-rRNA) and transcription elongation by RNA Polymerase I (Pol I), but these remain much less well characterized.
Functional ribosomal subunits can be synthesized by transcription of the pre-rRNA by RNA Pol II, 57 indicating that there are no essential links between the assembling ribosome synthesis factors and RNA Pol I. There is, however, evidence for functional links; mutations that impair the elongation rate of Pol I (reduced by 90% as measured in vitro) cause the accumulation of the 23S pre-rRNA. 58 This species is generated by cleavage a site A3 in the absence of prior cleavage at sites A0, A1, and A2, possibly reflecting the loss of cotranscriptional processing of these sites. This is perhaps a surprising result, as slowed elongation should allow more time for processing of the nascent transcript and might have been expected to favor efficient cotranscriptional processing at these sites. Moreover, Pol I pausing was observed in the 5 ′ region of 18S, and to a lesser extent in the 5 ′ region of the 25S both in chromatin spreads visualized by EM and in chromatin immunoprecipitation (ChIP) analyses of Pol I occupancy. 7 The transcription pause sites show an approximate correlation with the major cotranscriptional assembly events of SSU compaction on the 18S and LSU complex appearance on the 25S rRNA. This suggests that pausing might be causally linked to the pre-ribosome assembly on the nascent transcript.
The earliest-associating components of the SSU processome are termed the UtpA or t-Utp (transcription associated, U3 binding) complex, and were proposed to interact with Pol I to promote transcription. 59 This might be analogous to the interactions of pre-mRNA binding factors with RNA Pol II. However, Pol I lacks a region that is evidently related to the C-terminal domain (CTD) of the large subunit of RNA Pol II, which plays key roles in linking RNA-binding proteins with the polymerase, and site(s) of Pol I interaction with t-Utps remain to be identified. The human homologue of the yeast ribosome synthesis factor Kre33 is also known as hALP (human acetyltransferase-like protein). hALP was reported to associate with U3-containing complexes and acetylate UBF (upstream binding factor), a key Pol I transcription activator. 60 Acetylation of UBF stimulates transcription activation, and the histone acetyltransferase CBP (CREB-binding protein) acetylates and activates UBF, whereas Rb (Retinoblastoma) binding to UBF leads to its deacetylation by HDAC1 and the inhibition of pre-rRNA synthesis. 61 Notably, t-Utps are recruited to human 'pseudo-NORs'; chromosomally integrated, artificial arrays that mimic the specialized chromatin structure of the rDNA and recruit UBF, but are transcriptionally inactive. 62 This suggests the possibility that human UBF might help recruit t-Utps to the rDNA, and then be stimulated by their association with the pre-rRNA. In addition, yeast Rrp5 directly interacts with two largest subunit of Pol I, Rpa190 and Rpa135, as well as early synthesis factors, and is therefore a candidate to also play a role in transcriptional coupling. 28 
EVOLUTIONARY CONSERVATION OF COTRANSCRIPTIONAL PRE-rRNA PROCESSING
While the ribosome synthesis pathway in general, and the cotranscriptional events in particular, remains less well characterized in other systems, it seems likely that fundamental features uncovered in yeast will be conserved in many or all Eukaryotes. Terminal knobs are visible on 'Miller' chromatin spreads from yeast to mammals 63, 64 suggesting cotranscriptional assembling and compaction in other eukaryotic systems. Moreover, Rrp5, other SSU processome components, and the U3 snoRNP are highly conserved throughout Eukaryotes. 3, 65 U3 forms equivalent interactions with the 5 ′ ETS, and is important for early pre-rRNA processing, in organisms as diverse as humans and Trypanosomes. 66 It is, however, likely that there are also significant differences. Inspection of chromatin spreads from human and other metazoan cells has not been reported to reveal the occurrence of cotranscriptional cleavage. Thus, although related SSU processome complexes may assemble cotranscriptionally in many Eukaryotes, 67 the activation of the endonuclease(s) is apparently different. This may be related to differences in pathways of ITS1 processing, 3,68 but it is not evident that the major human pathway is more closely related to the posttranscriptional pathway in yeast.
CONCLUSION
Cells have developed many mechanisms to avoid the accumulation of unprocessed transcripts, which will potentially bind and sequester both cognate and noncognate processing factors, and surveillance systems help ensure that nascent precursor RNAs are either rapidly processed or degraded. This is likely to be particularly important for the pre-rRNAs, which are both very long and extremely abundant transcripts. We have previously proposed that pre-rRNA surveillance involves some (or all) of the many NTPases in the ribosome synthesis pathway, functioning in an active, kinetic proofreading mechanism. 69 An effective means of avoiding the accumulation of precursor RNA is the packaging and processing of the nascent transcript, and this appears to be a universal feature of ribosome synthesis pathways from Bacteria to mammals. The complex 3D structure of the mature ribosomal subunits in eukaryotes must be established from an initial, open structure that is accessible to the large numbers of snoRNPs. The large-scale reorganization entailed is likely to be a key function of the cotranscriptionally assembling ribosome synthesis machinery, particularly the SSU processome.
To facilitate robust cotranscriptional preribosome assembly, it seems likely that some signaling system links ribosome synthesis factors to the elongating polymerase, perhaps involving the t-Utps, in order to induce pausing until some (maybe structural) checkpoint is satisfied. When the correct structure is achieved, transcription is resumed; otherwise the nascent pre-rRNA is released and degraded in an exosome dependent pathway.
Despite substantial progress in understanding the cotranscriptional events in ribosome synthesis, many outstanding questions remain: (1) How do the SSU and/or LSU processome complexes communicate with Pol I? (2) What intermediates during ribosome synthesis are subject to surveillance? (3) How is the timing of pre-40S cotranscriptional release achieved, and what roles do pre-60S factors play in this process?
